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PREFACE 
One of the principal projects of the Task on Environmental 
Quality Control and Management in IIASA's Resources and Environ- 
ment Area is a case study of eutrophication management for Lake 
Balaton, Hungary. The case study is a collaborative project 
involving a number of scientists from several Hungarian insti- 
tutions and IIASA (for details see WP-80-187 and WP-81-108). 
As part of the case study, different lake ecological models 
and water quality management models are under development,serving 
both to improve our scientific understanding and to solve real- 
life problems. Generally the water quality of the lake is di- 
rectly related to nutrient loads, which in turn are the result 
of different kinds of human activities and natural processes in 
the watershed. Consequently, as was done in this study, the 
water quality can be directly related to the development of the 
watershed. With historical data for the lake and its region, 
valuable conclusions can be drawn on the past development of 
artificial eutrophication and future trends can also be analysed 
to some extent. A remarkable advantage of the approach presented 
here lies in its simplicity. 
~Zszl6 ~omly6dy 
Leader 
Balaton Case Study 
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ABSTRACT 
A multiregional, multicriteria watershed development model is 
presented as a way of describing the eutrophication processes in 
shallow lakes on an annual basis. Its application to Lake Balaton 
is illustrated. The simulation and forecasting of eutrophication 
in the lake, which d2pend on different watershed development acti- 
vities, is discussed for the period 1981-85. 
The formulation of the model rests on the fact that a close 
connection exists between the eutrophication of a shallow lake 
and the development of its watersheds which generate nutrient 
loading. A multicriteria utility function is used to describe 
watershed development. The applications of the model to Lake 
Balaton are presented; they are based on the regionalization of 
the Balaton basin into eleven regional units (four waterbodies 
and seven watersheds). 
Watershed development needs are assessed for the various water- 
sheds of the Balaton basin, for the period 1930-1980. The eutro- 
phication indicated by a moving summer average of chlorophyll-a for 
each of the four basins of the lake depends on the level of water- 
shed development in the corresponding or contributing watershed, 
their geometric character and the eutrophication in the preceding 
basin. The spatial distribution of the water quality within basins 
is not considered. The model parameters are elaborated by regres- 
sion analysis. 
The simulation of eutrophication is based on three development 
variations for each watershed for 1981-85, namely a strong, a me- 
dium and a zero growth variation. Using different combinations 
of the specific watershed variations, more than 30 spatial lake 
protection strategies and their effects on eutrophication were 
simulated on an annual time scale. The average uncertainty of 
the simulated eutrophication values for the whole lake is 223%. 
With the help of this simulation, the spatial efficiency of the 
comprehensive control actions in the watershed has been measured. 
The forecast of eutrophication by 1985 is given by the most real- 
istic watershed development strategy. 
One of the more important recommendations is that the most 
efficient development management, i.e., control strategy from 
the viewpoint of the whole lake, is the very one which concen- 
trates all of the limited, available control efforts in the next 
five years on the Zala watershed, which is the largest source of 
nutrient loading. This suggestion is based on the relative effi- 
ciency figures of the protection measures taken for the various 
watersheds and calculated by the model. To illustrate the use of 
the model for evaluating the effectiveness of different management 
actions and lake protection policies, the possible effects of the 
Kis-Balaton reservoir on eutrophication are identified. The model 
can be combined with other models dealing with the Lake Balaton 
problem and applied to the eutrophication problem of other shallow 
lakes and man-made storage reservoirs. 
CONTENTS 
2 . MODEL DESCRIPTION ........................................ 3 
3 . APPLICATION OF THE MODEL TO LAKE BALATON ................. 10 
3.1 Construction of the Watershed Development Index . . . . .  1 1  
3.2 Selection of the Model Options . . . . . . . . . . . . . . . . . . . . . .  15 
4 . SIMULATION OF EUTROPHICATION FOR 1981-85 ................. 17 
5 . EVALUATION OF RESULTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  19 
5.1 Discussion of Results ............................... 19 
5.2 Conclusions and Recommendations ..................... 23 
REFERENCES 
APPENDIX 1 .................................................. 50 
APPENDIX 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  55 
APPENDIX 3 ................................................... 60 
APPENDIX 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  63 
APPENDIX 5 ................................................... 64 

THE INFLUENCE OF WATERSHED DEVELOPMENT ON THE 
EUTROPHICATION OF SHALLOW LAKES: A DIODELING 
APPROACH APPLIED TO LAKE BALATON 
1. INTRODUCTION 
The acceleration of eutrophication in Lake Balaton, a shallow 
lake, is caused by the increasing socio-economic and water re- 
sources development--watershed development--in the contributing 
watersheds, during the last few decades. Artificial eutrophi- 
cation is the response of the lake-ecosystem to man's interfer- 
ence. However, watershed development, which is a p r i o r i  and 
spontaneous from the viewpoint of the lake, can be modified by 
the policy adopted to protect the lake. 
The concept of watershed development was originally proposed 
for river basins outlined by D2vid (1976). The aim of this pro- 
cess is to establish a continuous balance among natural water 
supplies, socio-economic and environmental requirements and their 
effects over space, time, quality, quantity and energy aspects 
on a basin-wide scale during the socio-economic development of 
the regions. Therefore, it is an increasingly integrated, planned 
and comprehensive long-term process, the purpose of which is to 
achieve the optimal use and control of natural water resources. 
The criteria for optimal use and control basically depend on the 
constraints of socio-economic growth. 
The main elements and features of watershed development, their 
changing importance during the process, the structure and the ra- 
tio of the basic activities depend on the stage of development. 
For evaluationandmodelling of the progress of watershed develop- 
ment, a multicriteria analysis based on a system of indices was 
proposed by Dsvid (1978a). This multicriteria analysis is nec- 
essary because of the great number of elements and criteria in- 
volved in watershed development. 
The integration of the watershed development approach and water 
quality control has been suggested in Dsvid (1978b). When consider- 
ing the problem of eutrophication in Lake Balaton (Herodek, 1976; 
van Straten et al., 1979) or other shallow lakes, the idea of ap- 
-- 
plying the watershed development approach to the eutrophication 
problem seems to be appropriate. D5vid -- et al. (1979) developed 
the concept behind this application, which is that the close con- 
nection between eutrophication of the lake and man-made watershed 
development can serve as a basis for modelling eutrophication. 
There are then, two basic approaches to modelling the eutro- 
phication problems in shallow lakes (Figure 1). The first approach 
(A), relates watershed development with nutrient loading which, in 
turn, affects eutrophication, while the second approach (B), di- 
rectly connects watershed development to eutrophication. For eutro- 
phication control purposes, both approaches are important. 
In the case of (A), the processes have to be described by fairly 
detailed, structural models. Once developed, such models are ex- 
tremely useful, in particular for short-term management. However, 
the construction of reliable models requires a good interdisciplin- 
ary knowledge about many physical and other processes. In most 
situations, additional investigations will be necessary, invos1ving 
laborious and coordinated data collection programs,--a time-con- 
suming operation. Furthermore, it is difficult and in many cases 
impossible to collect the historical data. 
In the case of approach (B), a direct relation is sought in 
terms of an integrated, multicriteria empirical model which can 
be used especially for long-term management of eutrophication. 
The long-term effects of human activities can be measured and 
simulated by this approach since the historical time-series of 
the basic factors needed are usually available from regular sta- 
tistical data. The development of such a model requires a rela- 
tively short time. However, considering the detailed process 
involved, this approach can only be considered as a rough approx- 
imation. The integrated character does not supply information 
on the actual behavior of the individual processes that may play 
a role; but it is good for general and regional evaluation. 
There is a pressing socio-economic need to control the eutro- 
phication of Lake Balaton, therefore both approaches are necessary 
to accomplish this goal. The model described and applied in the 
present paper employs approach (B), while approach (A) is the 
object of other modelling efforts carried out in the course of 
the Lake Balaton Case Study. The results of the two approaches 
can be harmonized in a further step of the research efforts. 
According to this conceptual framework and the previous study 
(~$vid, -- et al., 1979), the purpose of this paper is to present a 
multiregional and multicriteria watershed development model for 
the description of the long-range eutrophication process in shallow 
lakes, to show how it is adapted to Lake Balaton and illustrate 
its application in simulating the eutrophication in the lake, 
depending on different watershed development activities, for 
the period 1981-85. 
2 .  MODEL DESCRIPTION 
The discrete time watershed development model of the multi- 
annual eutrophication process, in an arbitrary shallow lake, is 
described in this section. 
The model is based on the regionalization of the hydrological 
system of the lake which is in many respects similar to the water- 
shed of a river basin. Its reaches are the waterbodies, (here 
a waterbody is meant to be a segment of the lake where the water 
quality is approximately uniform), which are connected to the 
watersheds. According to this, the lake is considered to con- 
sist of - N waterbodies: WB j1 - j = 1 . . . .  The water in the 
lake flows from WB1 to WBN. Each WB is connected to n water- j -1 
sheds (the value of n is 1 or 2): 
-1 
Every WB and WS playsa special role and has a special systein of 
interconnections. They cannot be interchanged or replaced by one 
another. The waterbodies and watersheds form the regional units 
of the model, they are connected by hierarchical order, based on 
the direction of hydrological throughflow. Therefore the basin 
may be considered a multiregional, hierarchical system. 
On the basis of the foregoing, an index - E(1,g) characterizing 
the annual eutrophication of the waterbody WB in year 1 of a j - 
multi-annual period can be described as follows: 
Here - M(L,~)characterizes meteorologically WBi and the adjacent 
2 
watersheds WSji in year - 1; N L l , )  is the annual nutrient load- 
ing coming from WSji in year - 1; the indices {~(ul - - 1 geometrically 
characterize WB and its 'upstream' basins; the indices {E (A; j) 1 j - 
indicate the past states of eutrophication in WB,; the indices 
J 
Ig(X,g) 1 the present and past states of eutrophication in the 
"upstream" waterbodies. It is noted that an equation of similar 
structure can be derived from the finite difference form of the 
differential equation governing algal dynamics. 
Then the following assumptions are made: 
(i) According to the watershed development concept mentioned 
in the previous section, the value of - NL(l,l,&) - depends on 
D(l,j,i) and H(j,i), where D(l,j,i) is the watershed development 
- - - -  - - - - - - -  
index which indicates the state of socio-economic and water ma- 
nagement development on WSji with respect to their influence on 
nutrient loading in year - 1; - H(-J,i) is the natural geographic in- 
dicator of WSji, which is constant in time and indicates the na- 
tural role of the watershed WSji in the multiregional hydrological 
system. Indicating their role by their product, this connection 
can be written as 
(ii) The p r e s e n t  s t a t e  - E ( 1 , A )  - of  e u t r o p h i c a t i o n  o f  a  b a s i n  depends  
on - E ( 1 - 1  - , A )  , ( b u t  n o t  on - E (1-2 - , A )  , - E  (1-3 - ,I) e t c .  ) , on t h e  p r e s e n t  
s t a t e  ~ ( 1 ~ 1 - 1 ) o f  - e u t r o p h i c a t i o n  and  on t h e  g e o m e t r i c a l  c h a r a c t e r  
T ( j -  1 ) of  t h e  p r e c e d i n g  w a t e r b o d i e s .  
- - 
On t h e  b a s i s  o f  t h e s e  a s s u m p t i o n s ,  E q . ( l ) c a n  b e  w r i t t e n  i n  
t h e  form 
E  and  T  a r e  l o o k e d  f o r  i n  s u c h  a  form t h a t  E q ( 3 )  s h o u l d  be  t r a n s -  
- - 
formed i n t o  
Then t h e  f o l l o w i n g  f u r t h e r  r e s t r i c t i o n s  a r e  made. 
(i)  C o n s i d e r i n g  t h e  "random" e f f e c t  o f  m e t e o r o l o g i c a l  f a c t o r s  
on t h e  - E ( L , i )  v a l u e s  and  o u r  e f f o r t s  t o  c h a r a c t e r i z e  t h e  l ong-  
t e r m ,  m u l t i - a n n u a l  e u t r o p h i c a t i o n  p r o c e s s ,  i n s t e a d  of  - E ( L , 1 )  i t s  
moving a v e r a g e  
i s  w r i t t e n  i n  E q ( 4 ) ,  and  M ( L , A )  i s  o m i t t e d .  Accord ing  t o  t h e  
s e n s e ,  
and  
i n  c a s e  o f  t h e  f i r s t  and  t h e  l a s t  ( L - t h )  - y e a r  o f  t h e  t i m e  p e r i o d .  
P h y s i c a l l y  - E and t h u s  - E* c a n  b e  d e t e r m i n e d  on t h e  b a s i s  o f  t h e  
a n n u a l  and  summer a v e r a g e  and  peak o f  s u c h  i n d i c a t o r s  o f  e u t r o p h i -  
c a t i o n  a s  c h l o r o p h y l l - a ,  p h y t o p l a n k t o n  p r o d u c t i o n ,  b iomass  and  
individual count. E* can be considered as the eutrophication in- 
dex of the multi-annual eutrophication process. 
(ii) The waterbody's geometrical index - T(j) can be determined by 
the consideration of the surface area of the waterbody, the average 
depth and the average volume of water in it. 
(iii) The watershed development index is considered in the form 
n d w 
where F ( 1 , )  , Eq ( and F 1 j i are, respectively, the 
-P - -r - - - 
E-th natural, the q-th regional development and the - r-th water 
management basic factor in the watershed WSji influencing the 
nutrient loading in year - 1. The aim of the introduction of the 
watershed development index is to express in an integrated form 
the level of regional and water management activities on the 
watershed in time influencing the nutrient loading coming from 
there. In this sense, the watershed development index can be 
viewed as a multiattribute utility function. According to the 
multicriteria utility theory (Keeney and Raiffa, 1976), it can 
be written as 
where the Lkls are indicator or criterion indices each of which 
expresses a watershed development criterion influencing nutrient 
loading and has to be composed from the basic factors, the wk's 
are weighting factors constant in time and space, furthermore 
1 " = I  . All of the Ikl s are dimensionless; most of them are 
k=l 
time-dependent, are manageable partly short- and partly long-term 
and express possible--small or great--influence on nutrient load- 
ing; they are simple functions of the basic factors with a specific 
meaning. 
To get Lk in a dimensionless form, a transformation is applied 
as follows: 
1 1 
where L O I k  - ' O and I lOoIk mean t h e  lowes t  and h i g h e s t  p o s s i b l e  
v a l u e s  of 2: d u r i n g  t h e  wa te r shed  development p r o c e s s  and where 
1' i s  a  compos i t ion  of  t h e  b a s i c  F f a c t o r s  i n  t h e i r  o r i g i n a l  d i -  
-k - 
mensions.  The minimum v a l u e  I r e f e r s  t o  t h e  n a t u r a l  o r  i n i t i a l  
-0,k 
s t a g e  o f  development ,  t o  t h e  n u t r i e n t  l o a d i n g  w i t h o u t  any human 
i n f l u e n c e ,  t h e  maximum v a l u e  I 1 t o  a  maximal s t a g e  of develop-  
-100,k 
ment,  t o  a  maximal human i n f l u e n c e .  They can  be c a l c u l a t e d  on t h e  
b a s i s  of  t h e  a c t u a l  and h i s t o r i c a l  v a l u e s  and on t h e  e x p e c t e d  de- 
1 
velopment c o n d i t i o n s  of  t h e  i n d i c e s  Ik. 1 1 The i n t e r v a l  [Io , k I  0 0  , k  I 
1 i n d i c a t e s  t h e  p o s s i b l e  r ange  of  Ik d u r i n g  t h e  wa te r shed  develop-  
ment. I n  o t h e r  words,  it i s  a  s c a l e  t o  measure t h e  u t i l i t y  of  t h e  
c r i t e r i o n .  The d e f i n i t i o n  of Ik i n  E q . ( 9 )  i m p l i e s  t h a t  
where Lk = 0 means no i n f l u e n c e  on n u t r i e n t  l o a d i n g ,  Ik = 1 0 0  a  
maximal one .  Then t h e  f o l l o w i n g  r e a s o n a b l e  c o n s t r a i n t  i s  made: 
a  h i g h e r  index v a l u e  shou ld  e x p r e s s  a  h i g h e r  e f f e c t  on n u t r i e n t  
l o a d i n g .  I n  c e r t a i n  c a s e s ,  t h e  compos i t ion  of  f a c t o r s  l e a d s  t o  
a n  index I; whose i n c r e a s e  i n d i c a t e s  a  d e c r e a s i n g  e f f e c t  on nu- 
t r i e n t  l o a d i n g .  I n  t h e s e  c a s e s  t h e  t r a n s f o r m a t i o n  
i s  r e q u i r e d .  
According t o  t h e  above c o n s i d e r a t i o n s ,  
and - D changes  i n  t ime  p a r a l l e l  w i t h  n u t r i e n t  l o a d i n g .  T h i s  i m -  
p l i e s  t h a t  D c a n  d e c r e a s e  i n  t i m e  i f  NL d e c r e a s e s .  
- - 
L e t  t h e  r e l a t i v e  ground s u r f a c e  a r e a  of  WSji a s  a  p e r c e n t a g e  o f  
t h e  t o t a l  wa te r shed  a r e a  o f  t h e  b a s i n  now be t a k e n  f o r  t h e  na- 
t u r a l  g e o g r a p h i c a l  i n d i c a t o r  - - -  H ( j , i )  of t h e  wa te r shed .  Based on 
this and considering the product in Eq. ( 2 ) ,  the integrated water- 
shed development indices corresponding to WB can be calculated j 
as follows. 
(iv) The function f in Eq. (4) is looked for among the linear 
-1 
functions. 
On the basis of the above considerations, Eq.(4) is trans- 
formed into 
which is the general form of the multiregional and multicriteria 
model of multi-annual eutrophication processes in shallow lakes 
based on the watershed development concept and on discrete time 
steps. 
This model involves input parameters - L,N,n. - ,H (j ,i) ,K,T(-J) , 
- I - - -  
w and input variables E (1,j) for 1 < L and F (1, j , i) . After 
-k - - - -  - k - - -  
the calculation of the variables - E* (i,j) for - 1 - < - L and - D*(L,-J) 
the calibration procedure follows: the parameters a.,b.,c.,d. 
-3 -3 -3 -3 
are determined, - E*(L,~) is estimated for - - -  1 < L , and the best 
estimate is determined. As final output the values of - E* (L,-J) 
for - 1 > - L are produced. 
The watershed development index can also be calculated in 
the following way. The Ik(l,j,L)'s - are standardized to 
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For determination of the best parameters and for comparison 
of various combinations, the following error calculation can be 
used. 
where E(l,j) is estimated by the model. 
3. APPLICATION OF THE MODEL TO LAKE BALATON 
The specification of Eq.(14) for Lake Balaton is described 
in this chapter. The basis of this specification is the regionali- 
zation of the hydrological system of the lake. 
In keeping with the regionalization described in the previous 
section, the lake is considered to consist of N =  4 waterbodies: 
Keszthely Eay (WE1 ) , Szigliget Basin (WB2) , Szemes Basin (WB ) and 3 
Si6fok Basin (WB4), as proposed by Baranyi (1974). The Keszthely 
Bay is connected to one watershed (WSll), while the others are 
connected to two watersheds on each side: WS21:WS22:WS31:WS32: 
WS41:WS42: (Figure 2). Therefore, the Balaton basin may be con- 
sidered a multiregional, and with respect to the waterbody, also 
a hierarchical system. There are eleven regional units (four 
waterbodies and seven watersheds) which are connected by hierar- 
chical order, based on the direction of water flow. According to 
this hierarchical character, four basin levels (B.) are considered, 
I 
all of them at the outflow section of the corresponding waterbodies. 
This multiregional, hierarchical system of the Balaton basin is 
shown in Figure 3. Also, the regions covered by the separate 
watershed and waterbody modelling efforts according to approach 
A are indicated. Some natural characteristics of the Balaton basin 
according to the proposed regionalization are listed in Table 1. 
The relative figures given in the last two columns of the table 
indicate the difference in natural loading in the individual hier- 
archical levels. 
Cons ide r ing  t h e  d e s c r i b e d  r e g i o n a l i z a t i o n ,  f o r  t h e  s p e c i f i -  
c a t i o n  of  E q .  ( 1 4 )  t h e r e  a r e  two main t a s k s ,  namely t h e  c o n s t r u c -  
t i o n  of t h e  wa te r shed  development index and t h e  s e l e c t i o n  of  model 
o p t i o n s .  On t h e  b a s i s  of  t h e s e ,  t h e  s p e c i f i e d  form of  t h e  model 
i s  deve loped .  
3.1 C o n s t r u c t i o n  of t h e  Watershed Development Index 
One o f  t h e  most i m p o r t a n t  t a s k s  of  s p e c i f i c a t i o n  i s  t h e  c a r e -  
f u l  c o n s t r u c t i o n  o f  t h e  wa te r shed  development i n d e x .  
According t o  E q .  ( 7 ) ,  t h e  d e s c r i p t i o n  of  wa te r shed  development 
i s  based on t h e  b a s i c  development f a c t o r s .  From t h e  b a s i c  f a c t o r s  
c h a r a c t e r i z i n g  t h e  s t a g e  o f  r e g i o n a l  development o f  a  w a t e r s h e d ,  
50 development f a c t o r s  were s e l e c t e d  which i n  some way c o u l d  be 
of  impor tance  w i t h  r e s p e c t  t o  n u t r i e n t  l o a d i n g s .  They i n c l u d e  
12 n a t u r a l ,  1 4  r e g i o n a l  development and 2 4  wate r  management f a c t o r s .  
T h e i r  nominat ion  and d e s c r i p t i o n  a r e  l i s t e d  i n  Appendix 1 .  The na- 
t u r a l  f a c t o r s  a r e  c o n s i d e r e d  t o  be c o n s t a n t  i n  t i m e ,  w h i l e  t h e  
o t h e r s  a r e  t ime-dependent .  T h e i r  v a l u e s  were de te rmined  f o r  each 
of  t h e  seven wa te r sheds  i n  1930, 1940, 1950, 1955, 1 9 6 0 ,  1965, 1970, 
1975 and 1978 by t h e  h e l p  of  w a t e r  management e x p e r t s  of  t h e s e  r e -  
g i o n s .  The v a l u e s  of  t h e  s e l e c t e d  f a c t o r s  f o r  1930 and 1978 a r e  
a l s o  p r e s e n t e d  i n  Appendix 1 t o  i n d i c a t e  t h e  f i r s t  and f i n a l  v a l u e s  
of  t h e s e  t ime  s e r i e s .  The s e t  of  y e a r s  which were de te rmined  f o r  
t h e  f a c t o r s ,  was s e l e c t e d  a c c o r d i n g  t o  t h e  c h a r a c t e r i s t i c s  of t h e  
development p r o c e s s .  
The s e l e c t e d  b a s i c  f a c t o r s  have t h r e e  f u n c t i o n s :  1 )  most o f  
them a r e  d i r e c t  e l e m e n t s  of  t h e  i n d i c a t o r  i n d i c e s  f o r  wa te r shed  
development;  2 )  some of  them p r o v i d e  a  b a s i s  f o r  computing t h e  
i n d i c e s  invo lved  i n  t h e  p r e v i o u s  group;  3 )  a  f e w a r e  n o t  y e t  d i -  
r e c t l y  u s e d ,  b u t  p r e s e n t e d  i n  o r d e r  t o  p r o v i d e  an  overview of  t h e  
f e a t u r e s  of  t h e  wa te r shed  development p r o c e s s  which might  p o s s i b l y  
appear  i n  t h e  f u t u r e .  
On t h e  b a s i s  o f  t h e s e  s e l e c t e d  f a c t o r s ,  a  sys tem o f  i n d i c a t o r  
i n d i c e s  a s  development c r i t e r i a  was c r e a t e d .  The k =  25 i n d i c a t o r  
i n d i c e s ( I k )  d e f i n e d  a r e  p r e s e n t e d  i n  Appendix 2 ,  t o g e t h e r  wi th  
t h e i r  compos i t ion  a s  w e l l  a s  a  d e s c r i p t i o n  of i t s  e f f e c t s  on nu- 
t r i e n t  l o a d i n g .  The i n d i c e s  (1 i ) s  a r e  p r e s e n t e d  w i t h  t h e i r  o r i g i n a l  
d i m e n s i o n s .  I t  s h o u l d  b e  n o t e d  t h a t  t h e r e  i s  no  a  p r i o r i  r e l a t i o n -  
s h i p  between t h e  number o f  f a c t o r s  and t h e  number o f  i n d i c e s ,  a s  
i s  p e r h a p s  s u g g e s t e d  by t h e  i n c i d e n t a l  r a t i o  o f  2 i n  t h i s  a p p l i -  
c a t i o n .  T y p i c a l l y ,  t h e r e  i s  a  c o n f l i c t  be tween t h e  wi sh  f o r  more 
d e t a i l e d  c r i t e r i a  and t h e  a v a i l a b i l i t y  o f  t h e  d a t a  needed  i n  s u c h  
d e t a i l e d  c r i t e r i a .  T h e r e f o r e ,  a  r e a s o n a b l e  b a l a n c e  s h o u l d  b e  f o u n d .  
F o r  t h e  p r e s e n t  a p p l i c a t i o n ,  r e a s o n e d  judgment d rawing  upon p e r -  
s o n a l  e x p e r i e n c e  h a s  been  t h e  b a s i s  o f  t h e  s e l e c t i o n  o f  t h e  25 
c r i t e r i a  l i s t e d .  A s  soon a s  more i n f o r m a t i o n  on t h e i r  r e l a t i o n -  
s h i p  w i t h  t h e  n u t r i e n t  l o a d i n g  a r e  a v a i l a b l e ,  s l i g h t  c h a n g e s  t o  
d e c r e a s e  t h e i r  number migh t  be  d e s i r a b l e .  
The c o m p o s i t i o n  o f  t h e  i n d i c a t o r  i n d i c e s  f rom t h e  b a s i c  f a c -  
t o r s  can  be  done i n  many ways.  I n  p r a c t i c e  t h e  c o m p o s i t i o n  was 
g u i d e d  by t h e  wish  t o  s e p a r a t e  t h e  v a r i o u s  w a t e r s h e d  development  
p r o c e s s e s  a s  much a s  p o s s i b l e  i n  o r d e r  t o  make t h e  i n f l u e n c e  o f  
management d e c i s i o n s  t r a n s p a r e n t .  A s  a  r e s u l t ,  20 o u t  o f  25 i n -  
d i c e s  a r e  manageable  on t h e  s h o r t -  o r  l ong- t e rm.  The r e m a i n i n g  
f i v e  (I1-Is)  e x p r e s s  n a t u r a l  f a c t o r s  which c a n  h a r d l y  be i n f l u e n c e d ,  
b u t  t h e y  have  been  i n c l u d e d  b e c a u s e  o f  s i g n i f i c a n t  e f f e c t s  on  nu- 
t r i e n t  l o a d i n g s .  These  e f f e c t s  a r e  c o n s i d e r e d  i n  t h e  c o n s t r u c t i o n  
o f  t h e  w e i g h t i n g  s y s t e m  which i s  d i s c u s s e d  below.  The i n d i c a t o r  
i n d i c e s  include--among o t h e r s - - t h e  t o u r i s t  l o a d i n g ,  t h e  s p e c i f i c  
f e r t i l i z e r  u s e ,  t h e  d e n s i t y  o f  moto r ing  r o a d s ,  t h e  amount o f  u s e d  
w a t e r  i n f i l t r a t e d  i n t o  t h e  s o i l ,  t h e  r a t i o  o f  p o p u l a t i o n  s e r v e d  by 
waterworks  and sewage c a n a l s ,  t h e  u n t r e a t e d  p a r t  o f  t h e  sewage 
w a t e r ,  t h e  u r b a n i z e d  p a r t  o f  t h e  w a t e r s h e d ,  e tc .  
The a c t u a l  v a l u e  o f  t h e  25 c r i t e r i a  f o r  t h e  p r e v i o u s l y  men- 
t i o n e d  9  y e a r s  be tween 1930 and  1978 were c a l c u l a t e d  i n  two s t e p s .  
F i r s t ,  t h e  p h y s i c a l  v a l u e s  o f  t h e s e  w a t e r s h e d  development  c r i t e r i a  
w e r e  c a l c u l a t e d  a c c o r d i n g  t o  t h e i r  a l g o r i t h m s  l i s t e d  i n  Appendix 2 ,  
u s i n g  t h e  d a t a  o f  t h e  a p p r o p r i a t e  b a s i c  f a c t o r s  from Appendix 1 .  
These  p h y s i c a l  v a l u e s ,  a l s o  f o r  1930 and 1978,  a r e  p r e s e n t e d  i n  
Appendix 3.  A s  a n  i l l u s t r a t i o n ,  t h e  t i m e  series o f  t o u r i s t  l o a d -  
i n g  and t h e  r a t i o  o f  u n t r e a t e d  sewage d i s c h a r g e  f o r  t h e  seven  w a t e r -  
s h e d . ~  a r e  p r e s e n t e d  i n  F i g u r e s  4 and 5 ,  r e s p e c t i v e l y .  F o r  compar- 
i s o n ,  t h e  t i m e  series o f  t h e  summer a v e r a g e  o f  c h l o r o p h y l l - a  a r e  
a l s o  i n d i c a t e d  i n  t h e  f i g u r e s .  Some o f  t h e  Ii-s i n c r e a s e  o v e r  t i m e  
and s p a c e ,  b u t  some o f  them have  chang ing  c h a r a c t e r  o v e r  t i m e  and 
space. The time-series of indicator indices were used for the con- 
struction of the weighting system. 
The lower and upper limits of the criteria scale as intervals 
needed for the normalization of the criteria according to Eq.(9) 
are listed in Table 2. The development of this scaling was based 
on the historical range of the indices and a subjective judgment 
of their future development. 
Next, as a second step, the normalized, dimensionless value 
of each of the criteria was calculated according to Eq.(9), using 
the data of Table 2 and Appendix 3. The results, the normalized 
values of the indicator indices as watershed development criteria 
for the seven watershed units form the basis of the calculation 
of the watershed development index. 
To express the different influences of indicator indices on 
nutrient loading according to Eq.(8), there is a need to develop 
a system of weighting factors for the selected indicator indices. 
We assume that theweightingsystem is constant for all regional 
units and in time. 
The formulation of the weighting system has been done in two 
steps. First, a system of weighting factors was developed by a 
multicriteria analysis of the time-series of indicator indices 
between 1930-1978. Then the control of this weighting system 
was done by comparing it with a number of weighting systems based 
on the practical knowledge of aspects in the field. 
The multicriteria analysis of long-term time-series of indi- 
cator indices was based on the six selected criteria listed in 
Appendix 4. They express the changing character of the trend in 
the time-series, the spatial differences of time-series among the 
watershed units, the effects of the indicator indices on eutrophi- 
cation and the manageability of the activity involved in the index. 
Each criteria has three classifications with 1,2 and 3 points. 
The scale with 3 points indicates a stronger weight than the one 
with 1 point. Based on these criteria and their classification, 
the multicriteria evaluation of time-series of indicator indices 
is presented in Appendix 5. The evaluation can be followed in 
case of I8 and 118, the time-series of which are shown in Figures 
4 and 5, respectively. Summarizing the points for each I (CP) k 
a n d  t a k i n g  t h e  s e c o n d  power  o f  t h i s  sums ( E P ) 2 ,  t h e  v a l u e  o f  w e i g h t -  
i n g  f a c t o r s  w a s  c a l c u l a t e d  as  t h e  r a t i o  o f  (ZPI2  a n d  t h e  t o t a l  sum 
2 
o f  (CP) . T h e s e  f i g u r e s  are  g i v e n  i n  Appendix  5 .  A s  a r e s u l t  o f  
t h i s  a n a l y s i s ,  t h e  w e i g h t i n g  s y s t e m  f o r  t h e  i n d i c a t o r  i n d i c e s ,  de -  
v e l o p e d  by t h e  l o n g - t e r m  time-series a n a l y s i s  o f  i n d i c a t o r  i n d i c e s  
i s  p r e s e n t e d  i n  T a b l e  4 .  
T h i s  w e i g h t i n g  s y s t e m  w a s  c o n t r o l l e d  by a c o m p a r i s o n  o f  o t h e r  
w e i g h t i n g  s y s t e m s .  They i n v o l v e d  f i v e  i n d i v i d u a l  s y s t e m s  g i v e n  by  
e x p e r t s  on  b a s i s  o f  t h e i r  p r a c t i c a l  knowledge  (D5vid  -- e t  a l . ,  1 9 7 9 ) ,  
and  f i v e  o t h e r  s y s t e m s  c o n s t r u c t e d  w i t h  t h e  h e l p  o f  m a t h e m a t i c a l  
s t a t i s t i c s  a n d  d i f f e r e n t  g e o g r a p h i c  c h a r a c t e r i s t i c s  o f  t h e  b a s i n .  
F u r t h e r m o r e  t h e  u n i f o r m  w e i g h t i n g  a s  a b a s i s  f o r  c o m p a r i s o n  w a s  
a l s o  t a k e n  i n t o  a c c o u n t .  The r a t i o  o f  t h e  maximum a n d  minimum 
w e i g h t i n g  f a c t o r s  i n  t h e  d i f f e r e n t  w e i g h t i n g  s y s t e m s  v a r i e d  b e t w e e n  
1-10.  A l t o g e t h e r  t h e r e  were 12 w e i g h t i n g  s y s t e m s  i n  t h e  c o m p a r i s o n .  
The c o m p a r i s o n  w a s  d o n e  by a c o r r e l a t i o n  a n a l y s i s  be t we e n  t h e  water- 
s h e d  d e v e l o p m e n t  i n d i c e s  c a l c u l a t e d  by t h e  i n d i v i d u a l  w e i g h t i n g  
s y s t e m  a n d  d i f f e r e n t  e u t r o p h i c a t i o n  i n d i c e s  f o r  two  y e a r s ,  1965 
a n d  1975 .  
A c c o r d i n g  t o  t h i s  c o r r e l a t i o n  a n a l y s i s ,  t h e  f o l l o w i n g  c o n c l u -  
s i o n s  w e r e  r e a c h e d :  t h e  b e s t  c o r r e l a t i o n  ( r  = 0 , 7 7 - 0 , 7 8 )  w e r e  
f o u n d  by two s y s t e m s ,  namely  t h e  o n e  d e v e l o p e d  on  a m u l t i c r i t e r i a  
b a s i s  a n d  a n o t h e r  o n e  c o n s t r u c t e d  w i t h  t h e  h e l p  o f  m a t h e m a t i c a l  
s t a t i s t i c s  a n d  g e o g r a p h i c  c h a r a c t e r i s t i c s .  But  t h e  d i f f e r e n c e s  
i n  t h e  c o r r e l a t i o n  w a s  s m a l l ,  a b o u t  l o % ,  f o r  t h e  o t h e r  s y s t e m s  
as  w e l l .  T h i s  means t h a t  t h e  c o n s t r u c t i o n  o f  t h e  w a t e r s h e d  d e -  
v e l o p m e n t  i n d e x  i s  n o t  v e r y  s e n s i t i v e  t o  t h e  w e i g h t i n g  s y s t e m  as  
a whole  i n  case o f  25 i n d i c a t o r  i n d i c e s .  T h i s  c o n c l u s i o n  i s  ap -  
p r o p r i a t e  b e c a u s e  25 i s  q u i t e  a l a r g e  number i n  a u n i t  s y s t e m  o f  
i n d i c e s .  A s  w e  d e c r e a s e  t h e  number o f  i n d i c e s ,  t h i s  s e n s i t i v i t y  
m i g h t  i n c r e a s e .  The weakne s s  o f  s e n s i t i v i t y  i s  e x p l a i n e d  a l s o  by  
t h e  f a c t o r  a n a l y s i s  d e s c r i b e d  i n  t h e  n e x t  c h a p t e r .  
C o n s i d e r i n g  t h e  l o n g - r a n g e  c h a r a c t e r  o f  t h e  p r o b l e m ,  t h e  
w e i g h t i n g  s y s t e m  p r e s e n t e d  i n  T a b l e  4 w a s  s e l e c t e d  f o r  t h e  con-  
s t r u c t i o n  o f  t h e  w a t e r s h e d  d e v e l o p m e n t  i n d e x .  I n  t h i s  s y s t e m ,  
t h e  r a t i o  o f  maximum a n d  minimum w v a l u e s  i s  more t h a n  f i v e ,  k  
wh ich  means t h a t  t h e  w e i g h t i n g  makes q u i t e  a l a r g e  d i f f e r e n c e  
among t h e  i n d i c a t o r  i n d i c e s .  
Using t h e  s e l e c t e d  w e i g h t i n g  s y s t e m ,  t h e  w a t e r s h e d  deve lop -  
ment i n d i c e s ,  t h e  - - - -  D ( 1 ,  j  , i)  v a l u e s  w e r e  c a l c u l a t e d  by Eq. ( 8 )  f o r  
t h e  s e v e n  w a t e r s h e d s  and f o r  t h e  s e l e c t e d  y e a r s  ( T a b l e  5 ) .  The 
D v a l u e s  f o r  1980 w e r e  e s t i m a t e d  by a  t r e n d  a n a l y s i s  o f  t h e  p r e -  
v i o u s  v a l u e s .  The t i m e  series of  t h e  w a t e r s h e d  development  i n d e x  
o f  t h e  w a t e r s h e d s  a r e  p r e s e n t e d  i n  F i g u r e  6 w i t h  t h e  v a l u e s  o f  
c h l o r o p h y l l - a .  The s h a p e  o f  t h e  c u r v e s  i n d i c a t e s  t h e  a p p r o p r i a t e -  
n e s s  o f  t h e  b a s i c  a s s u m p t i o n  o f  t h i s  approach .  
3.2 S e l e c t i o n  o f  t h e  Model O p t i o n s  
L e t  u s  t a k e  t h e  r e l a t i v e  ground s u r f a c e  a r e a  o f  t h e  w a t e r s h e d  
w s j i  a s  a  p e r c e n t a g e  o f  t h e  t o t a l  w a t e r s h e d  a r e a  o f  t h e  b a s i n  f o r  
t h e  n a t u r a l  g e o g r a p h i c a l  i n d i c a t o r  H ( j , i ) ,  and c a l c u l a t e  t h e  w a t e r -  
- - -  
shed  development  i n d e x  - D ( l , j , L )  - - a c c o r d i n g  t o  t h e  p r e v i o u s  c h a p t e r ,  
t h e  i n t e g r a t e d  w a t e r s h e d  development  i n d e x  - D * ( L , J )  a c c o r d i n g  t o  
Eq. ( 1  3)  . For  d e t e r m i n i n g  t h o s e  waterbody g e o g r a p h i c a l  i n d e x  - T ( - j  ) 
and e u t r o p h i c a t i o n  i n d e x  E ( 1 , J )  which a r e  t h e  b e s t  w i t h  r e s p e c t  t o  
t h e  e r r o r  p e r c e n t a g e  ( 2 0 )  , 7  x  4 x  3  = 84 ( z P ,  - E~~ I c o m b i n a t i o n s  were 
1 2 '- 
compared. T was t h e  r e l a t i v e  a v e r a g e  volume o f  w a t e r ,  T = J T ~ ,  T 3  
- - 
t h e  r e l a t i v e  s u r f a c e  a r e a  o f  t h e  wa te rbody ,  - T~ = PI - - T' t h e  s q u a r e  
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r o o t  o f  t h e  a v e r a g e  d e p t h  o f  t h e  waterbody m u l t i p l i e d  by T , T  = JT - , 
7  
and - T ( j )  I 1 .  gqr was t h e  y e a r l y  a v e r a g e  ( q  - = 1 ) , t h e  summer a v e r -  
a g e  (q = 2 )  , t h e  y e a r l y  maximum ( q  - = 3 )  and t h e  summer maximum ( q  - = 4 )  
o f  c h l o r o p h y l l - a  ( r  - = I ) ,  p h y t o p l a n k t o n  b iomass  ( r  - = 2 )  and c h l o r o -  
p h y l l - a  m o d i f i e d  by a  r e g r e s s i o n  on p h y t o p l a n k t o n  b iomass  ( r  - = 3 ) .  
The compar ison  o f  t h e  v a r i o u s  combina t ion  o f  t h e s e  i n d i c e s  l e d  t o  
t h e  r e s u l t  o f  c h l o r o p h y l l - a  measurement o f  T6th  ( 1 9 8 0 )  - T ( j )  = I .  
T h i s  l a t t e r  r e s u l t  i n d i c a t e s  t h a t  - E ( 1 , i )  i s  p r i m a r i l y  d e t e r m i n e d  
by t h e  p r o c e s s e s  w i t h i n  t h e  waterbody and by i t s  g e o g r a p h i c a l  con- 
d i t i o n s .  - E ( 1 , J )  i s  t h e  r e s u l t  o f  t h e  e u t r o p h i c a t i o n  p r o c e s s e s  i n  
t h e  wa te rbody .  I n  t h e s e  c a l c u l a t i o n s  - L =  8 ,  1 =  1 was t h e  y e a r  
- 
1973,  ..., 1 =  8  was t h e  y e a r  1980. With t h e  above T ( j ) ,  t h u s  a c t u -  
- - 
a l l y  w i t h o u t  t h e  waterbody g e o g r a p h i c a l  i n d e x ,  E q . ( 1 4 )  h a s  t h e  
form 
The values of the summer average of chlorophyll-a as the optimal 
* 
eutrophication index and its moving average - E (L,j) for the men- 
3 tioned 8 years are given in Table 6 (in mg/m ) .  
The factor analysis performed for the alternative calculation 
of the watershed development index resulted for I= 1 in 2 factors, 
for each of the other - j's in 4 factors (K = 2, X2 = g3 = X4 = 4). 
-1 
This result is in good harmony with the weak sensitivity of the 
weighting system mentioned earlier. The corresponding error per- 
centages S* turned out to be only little smaller than the S 's. 
-1 -1 
For that reason and with the purpose of maintaining the physical 
content of the watershed development index, at length the orig- 
inal construction of D(l,j,L) was kept. For similar reasons and 
- - -  
purposes, the original natural geographical indicator H(j,i), 
- - -  
i.e. the ratio of the ground surface area of WSji in the total 
watershed area of the basin was also kept. Its value for WSll, 
WS21, WS22,...,WS42 is in turn 0.515, 0.185, 0.126, 0.061, 0.053, 
0.022 and 0.038. The values ofthe corresponding - D* are listed in 
Table 7 for the period 1973-80. 
Then the following problem was investigated: is it possible 
to reduce the number of parameters in the system of equation (21)? 
Trials were made in two directions. First, an attempt was made to 
make some parameters zero. It turned out that--presumably because 
of the definition of - E*(l,J)--the assumption d = 0 increases the 
-1 
error percentages S only to a small extent (in keeping with cl = 0.) 
-1 
Second, an attempt was made to model more than one watershed with 
the same system of parameters. It turned out that a2 = a  = a  
-3 -4' 
b2 - = b 3  - =b4 - and c = c  = c  can be assumed. Thus the system of 
-2 -3 -4 
Eq.(21) was transformed into the following: 
The parameter values are the following: 
Then the specified model of multi-annual eutrophication pro- 
cesses in Lake Balaton is the following: 
and 
Multiplying Q2 resp. c by the standard deviation of D* (1,i) resp. 
-2 - - 
E* - 1  calculated for j > 1, one gets 3.34 resp. 4 -71. These 
- - 
numbers roughly show that the eutrophication index of WB.(j > 1) 
I - 
depends on the eutrophication index of WB j - 1 4.71/3.34 = 1.41 
times as much as on the development index of the adjacent water- 
sheds. The estimated values - 2 (1 - , A )  corresponding to the above 
parameters according to Eq.(22) are given in Table 8. The error 
percentages S calculated according to Eq.(20) are 8.5, 10.1, 
-1 
27.2, 35.8 for WB1, ..., WB4, resp. Their average is 22.6. 
An obvious constraint for the time domain of the validity of 
Eq. (24 1 is that - E* (l,J) should be positive. A sufficient condi- 
tion is that - D*(l,l) - > 12.84 and - D*(l,-J) > 0.29 for j = 2.3.4. 
The first inequality is equivalent to - D(1,1,1) - > 24.93, which 
holds only from the year 1969. Thus Eq.(24) has a 1imited.past 
validity (which is in good harmony with Figure 6). It does not 
hold, of course, for Eq. (2 1 ) . 
4. SIMULATION OF EUTROPHICATION FOR 1981-85 
The application of the specified model Eq.(24) for the simu- 
lation of eutrophication between 1981-85 is presented in this sec- 
tion. This is a possible application, because the model has ob- 
viously some predictivec-apaciky. The matter at issue is that the 
expected turn of watershed development can be pretty well fore- 
cast and this makes it possible to predict the future trend of 
eutrophication assuming the future validity of the basic condi- 
tions of the model specification. 
The s i m u l a t i o n  o f  t h e  e u t r o p h i c a t i o n  i n  t h e  l a k e  i s  b a s e d  
on  t h r e e  w a t e r s h e d  deve lopment  v a r i a t i o n s  a l l  o f  which  a r e  t h e  
r e s u l t  o f  v a r i o u s  human a c t i v i t i e s  on t h e  c o r r e s p o n d i n g  w a t e r s h e d s .  
I n  c a s e  o f  t h e  s t r o n g  g rowth  r a t e  v a r i a t i o n  i n d i c a t e d  by 3 ,  t h e  
i n c r e a s e  o f  t h e  w a t e r s h e d  deve lopment  i n d e x  ( D )  - f o l l o w s  t h e  p r e -  
v i o u s  t r e n d  between 1981-85 too .  I t  assumes  t h a t  t h e r e  w i l l  b e  
p r a c t i c a l l y  no e f f e c t i v e  l a k e  p r o t e c t i o n  p o l i c y  t o  d e c r e a s e  t h e  
n u t r i e n t  l o a d i n g .  On t h e  o t h e r  hand t h e r e  i s  a  z e r o  g rowth  r a t e  
v a r i a t i o n  i n d i c a t i n g  by 1 which assumes  s u c h  a n  e f f e c t i v e  l a k e  
p r o t e c t i o n  p o l i c y  t h a t  t h e  w a t e r s h e d  deve lopment  i n d e x  ( D )  - c o u l d  
be  c o n s t a n t  a t  t h e  1980s  l e v e l .  I t  means t h a t  t h e  r e s u l t s  o f  po- 
s i t i v e  and  n e g a t i v e  m e a s u r e s  and  e f f o r t s  o n  t h e  c o n t r o l  o f  nu- 
t r i e n t  l o a d i n g  w i l l  b e  b a l a n c e d .  F i n a l l y  t h e r e  i s  a  medium g rowth  
r a t e  v a r i a t i o n  i n d i c a t e d  by  2 ,  which assumes  t h a t  t h e  l a k e  p r o -  
t e c t i o n  p o l i c y  w i l l  b e  g r a d u a l l y  more and  more e f f e c t i v e  and  t h e r e -  
f o r e  it i n v o l v e s  a  d e c r e a s i n g  g rowth  r a t e  o f  - D .  C o n s i d e r i n g  t h e  
r e a l  c o n d i t i o n s  o f  d e c i s i o n  makinq and  i m p l e m e n t a t i o n  o f  l a k e  p r o -  
t e c t i o n  m e a s u r e s ,  it i s  n o t  y e t  f e a s i b l e  t o  assume a  d e c r e a s e  i n  
D between 1981-85. T h e r e f o r e  a  v a r i a t i o n  l i k e  t h i s  h a s  n o t  y e t  
- 
been  c o n s i d e r e d .  I t  would be  f e a s i b l e  i n  a  l a t e r  p e r i o d .  The 
w a t e r s h e d  deve lopment  i n d i c e s  f o r  t h e  s e v e n  w a t e r s h e d s  c a l c u l a t e d  
a c c o r d i n g  t o  t h e s e  v a r i a t i o n s  a r e  p r e s e n t e d  i n  T a b l e  9 .  The re- 
s p e c t i v e  - D* v a l u e s  a r e  a l s o  p r e s e n t e d  t h e r e .  
Based on  t h e s e  g rowth  r a t e  v a r i a t i o n s  o f  - D ,  v a r i o u s  l a k e  p r o -  
t e c t i o n  s t r a t e g i e s  c a n  b e  c o n s t r u c t e d  a c c o r d i n g  t o  t h e  s p a t i a l  
d i s t r i b u t i o n  o f  t h e s e  v a r i a t i o n s  o v e r  t h e  w a t e r s h e d s  (WSji) .  
T h i r t y - t h r e e  l a k e  p r o t e c t i o n  s t r a t e g i e s  l i s t e d  i n  T a b l e  10 w e r e  
d e v e l o p e d .  The re  a r e  t h r e e  p u r e  s t r a t e g i e s  (No.1 ,  No.14 and  No.251, 
when t h e  same growth  r a t e  v a r i a t i o n  i s  a p p l i e d  f o r  a l l  o f  t h e  s e v e n  
w a t e r s h e d s  ( v a r i a t i o n  3 ,  2  and  1 ,  r e s p e c t i v e l y ) .  They a r e  u n i f o r m  
deve lopment  s t r a t e g i e s .  The o t h e r  s t r a t e g i e s  a r e  combined o n e s  
i n  which d i f f e r e n t  g rowth  r a t e  v a r i a t i o n s  a r e  c o n n e c t e d  t o  t h e  
i n d i v i d u a l  w a t e r s h e d s .  
By t h e  a p p l i c a t i o n  o f  E q . ( 2 4 ) ,  t h e  r e s p o n s e  o f  t h e  w a t e r b o d i e s  
o f  t h e  l a k e  c a n  s i m u l a t e  t h e s e  l a k e  p r o t e c t i o n  s t r a t e g i e s .  The 
r e s p o n s e  i s  e x p r e s s e d  by t h e  - E* v a l u e s .  
The s i m u l a t i o n  r e s u l t s  o f  t h e  p u r e  s t r a t e g i e s  a r e  l i s t e d  i n  
T a b l e  9  and  t h e y  a r e  p r e s e n t e d  i n  F i g u r e  7  which  i s  a n  e x t e n s i o n  
o f  F i g u r e  6  t o  t h e  s i m u l a t e d  f i v e  y e a r  p e r i o d .  The deve lopmen t  o f  
D v a l u e s  a c c o r d i n g  t o  t h e  g rowth  r a t e  v a r i a t i o n s  and  t h e  d e v e l o p -  
- 
ment o f  E*  v a l u e s  c o r r e s p o n d i n g  t o  t h e  p u r e  s t r a t e g i e s  a r e  i n d i -  
c a t e d  i n  t h e  f i g u r e .  I n  c a s e  o f  s t r a t e g y  No.1,  wh ich  i s  t h e  mos t  
s e r i o u s ,  t h e  l a k e  e u t r o p h i c a t i o n  i n d e x  which  i s  t h e  a v e r a g e  o f  t h e  
same i n d i c e s  i n  t h e  w a t e r b o d i e s  w i l l  i n c r e a s e  w i t h  78% by 1985 ,  i n  
compar i son  w i t h  t h e  l e v e l  o f  1980 .  I n  c a s e  o f  s t r a t e g y  No.14 and  
No.25 t h e  same v a l u e s  a r e  46 and  5 % ,  r e s p e c t i v e l y .  The l a s t  f i g u r e  
i n d i c a t e s  t h a t  a  s m a l l  i n c r e a s e  o f  E*  c a n  o c c u r  a s  a  r e s p o n s e  t o  
- 
t h e  i n c r e a s e  o f  - D f rom 1979 t o  1980.  T h i s  d e l a y  c a n  be  c a l c u l a t e d  
by t h e  moving a v e r a g e  - E*.  
The e f f e c t i v e n e s s  o f  v a r i o u s  s t r a t e g i e s  i s  measured  by t h e  
p e r c e n t a g e  o f  d e c r e a s e  o f  t h e  l a k e  a v e r a g e  e u t r o p h i c a t i o n  i n d e x  
compared t o  i t s  v a l u e  p roduced  by s t r a t e q y  No.1. These  v a l u e s  
o f  e f f e c t i v e n e s s  a r e  a l s o  l i s t e d  i n  T a b l e  1 0 .  
F o r  i l l u s t r a t i o n  o f  t h e  s i m u l a t i o n  r e s u l t s ,  t h e  t i m e  se r ies  
o f  v a r i a b l e s  o f  two i m p o r t a n t  s t r a t e g i e s  (Mo.6 and  No.26) a r e  p r e -  
s e n t e d  i n  F i g u r e s  7  and  8  i n d i c a t e d  by s t r o n g ,  d a r k  l i n e s .  The 
s p a t i a l  d i s t r i b u t i o n  o f  t h e  w a t e r s h e d  deve lopmen t  and  e u t r o p h i c a -  
t i o n  p r o c e s s  i n  t h e  B a l a t o n  b a s i n  a c c o r d i n g  t o  t h e  same s t r a t e g i e s  
a r e  shown s c h e m a t i c a l l y  i n  F i g u r e s  9  and  1 0 ,  r e s p e c t i v e l y .  Based 
on t h e s e  r e p r e s e n t a t i o n s ,  a n  e v a l u a t i o n  c a n  be  made o f  t h e  s i m u l a -  
t i o n  r e s u l t s .  
5 .  EVALUATION OF RESULTS 
I n  t h i s  s e c t i o n  t h e  r e s u l t s  o f  s i m u l a t i o n  a r e  d i s c u s s e d  and  
e v a l u a t e d ,  and  t h e  main c o n c l u s i o n s  o f  t h e  m o d e l l i n g  work a r e  p r e -  
s e n t e d .  
5 .1  D i s c u s s i o n  o f  R e s u l t s  
On t h e  b a s i s  o f  t h e  a p p l i c a t i o n  o f  t h e  s p e c i f i e d  model f o r  
t h e  s i m u l a t i o n  o f  t h e  e u t r o p h i c a t i o n  p r o c e s s  be tween  1981-85,  t h e  
f o l l o w i n g  r e s u l t s  h a v e  b e e n  o b t a i n e d .  
(i)  I f  w e  c o n s i d e r  t h e  p u r e  s t r a t e g i e s ,  t h e  t h r e e  y e a r s '  a v e r a g e  
v a l u e s  of  summer a v e r a g e  o f  c h l o r o p h y l l - a  i n  1985 w i l l  be  between 
60 .5-35 .0 ;  39.2-27.5;  20.8-13.0 and 9.5-5.5 m g / m 3  i n  t h e  r e s p e c t i v e  
w a t e r b o d i e s ,  s t a r t i n g  from WB1. I t  i n d i c a t e s  t h a t  t h e  same i n c r e a s e  
o f w a t e r s h e d d e v e l o p m e n t  i n  t h e  v a r i o u s  w a t e r s h e d s  r e s u l t s  i n  t h e  
g r e a t e s t  e u t r o p h i c a t i o n  i n  WB1.  
( ii) The e v a l u a t i o n  o f  t h e  p u r e  s t r a t e g i e s  f u r t h e r m o r e  i n d i c a t e s  
t h a t  t h e  d i f f e r e n c e  between t h e  maximum and minimum v a l u e s  o f  si-  
m u l a t e d  e u t r o p h i c a t i o n  i n d i c e s  a c c o r d i n g  t o  t h e  v a r i o u s  p u r e  s t r a -  
t e g i e s  i s  t h e  l a r g e s t  i n  t h e  f i r s t  b a s i n  and i t s  v a l u e  d e c r e a s e s  
towards  t h e  e a s t e r n  end  o f  t h e  l a k e  (WB 2 . . . W B 4 )  ( s e e  F i g u r e  7 ) .  
The s m a l l e s t  i s  i n  WB4. The v a l u e s  i n  1985 a r e  25 .5 ,  1 1 . 7 ,  7 . 8 ,  
3  4.0 mg/m r e s p e c t i v e l y ,  and t h e i r  r a t i o  i s  6 . 4 : 3 : 2 : 1 .  T h i s  r a t i o  
i n d i c a t e s  t h e  chance  and c e r t a i n t y  o f  l a k e  p r o t e c t i o n  measures  i n  
t h e  v a r i o u s  w a t e r s h e d s  c o n n e c t e d  t o  t h e  w a t e r b o d i e s .  T h i s  d i f f e r -  
ence  can  be narrowed t o  t h e  g r e a t e s t  e x t e n t  i f  measures  a r e  t a k e n  
i n  WSll.  Moreover ,  t h i s  i n d i c a t e s  t h e  e f f e c t i v e n e s s  o f  o u r  measures  
i n  c o n n e c t i o n  w i t h  t h e  w a t e r b o d i e s .  
(iii) Based on t h e  p r e v i o u s  r e s u l t s ,  t h e  e f f e c t i v e n e s s  o f  t h e  com- 
b i n e d  s t r a t e g i e s  c a n  be e v a l u a t e d .  F i r s t  l e t  u s  c o n s i d e r  and com- 
p a r e  t h e  s t r a t e g i e s  No.6 and No.26 ( s e e  F i g u r e s  7 - 1 0 ) .  I n  c a s e  o f  
s t r a t e g y  No.6 a  c l e a r  i n c r e a s e  i s  shown i n  WS 1 1 '  w h i l e  i n  t h e  o t h e r  
s i x  wafe r sheds  t h e r e i s n o n e .  I t  means t h a t  we c o n c e n t r a t e  o u r  e f -  
f o r t s  on WS21, WS22, ... WS42, b u t  no e f f e c t i v e  measures  w i l l  be  
t a k e n  i n  WSll. The r e s u l t  o f  t h i s  s t r a t e g y ,  a s  can  be s e e n  i n  
F i g u r e  7 ,  i s  t h a t  t h e  e u t r o p h i c a t i o n  i n  WB2, WB3 and WB4 w i l l  be 
o n l y  a  l i t t l e  b i t  l e s s  t h a n  e u t r o p h i c a t i o n  i n  c a s e  o f  t h e  w o r s t  
s t r a t e g y  ( N o . 1 ) .  T h e r e f o r e  t h e  e f f e c t i v e n e s s  o f  t h i s  s t r a t e g y  
i s  v e r y  p o o r ,  o n l y  6 %  ( s e e  T a b l e  1 0 ) .  I t  means t h a t  we c a n  make 
a  l o t  o f  e f f o r t  t o  r e d u c e  t h e  n u t r i e n t  l o a d i n g  i n  s i x  w a t e r s h e d s ,  
b u t  t h e  e f f e c t i v e n e s s  o f  t h e s e  measures  i s  v e r y  poor  b e c a u s e  o f  
t h e  h i e r a r c h i c a l  c h a r a c t e r  and t h e  l o a d i n g  c o n d i t i o n s  of  t h e  s y s -  
tem. W e  make t h e s e  e f f o r t s  i n  t h e  wrong p l a c e .  
On t h e  c o n t r a r y ,  i n  c a s e  of  s t r a t e g y  No.26, we c o n c e n t r a t e  
o u r  e f f o r t s  o n l y  on  one  w a t e r s h e d ,  namely t o  WS1, (growth  r a t e  
v a r i a t i o n  i s  z e r o ) .  I n  p a r a l l e l  it i s  assumed t h a t  t h e r e  a r e  no 
e f f e c t i v e  measures  i n  a l l  o f t h e o t h e r  w a t e r s h e d s  ( s t r o n g  growth-  
r a t e  v a r i a t i o n  i s  a p p l i e d ) .  The r e s u l t  c a n  b e  s e e n  i n  F i g u r e  8 .  
I n  WB1 w e  r e a c h  t h e  minimum v a l u e  o f  e u t r o p h i c a t i o n  a n d  i n  t h e  
o t h e r  w a t e r b o d i e s  t h e  e u t r o p h i c a t i o n  i s  n e a r  t o  t h e  minimum v a l u e s .  
The e f f e c t i v e n e s s  o f  t h i s  s t r a t e g y  i s  3 3 % .  
F u r t h e r  r e s u l t s  c a n  b e  s e e n  by  c o m p a r i n g  o t h e r  s t r a t e g i e s .  
T h e s e  c o m p a r i s o n s  c l e a r l y  i n d i c a t e  t h e  i m p o r t a n c e  o f  t h e  r e g i o n a l  
d i s t r i b u t i o n  o f  t h e  l a k e  p r o t e c t i o n  m e a s u r e s  i n  t h i s  h i e r a r c h i c a l  
e u t r o p h i c a t i o n  s y s t e m ,  b e c a u s e  t h e  e f f e c t i v e n e s s  o f  m e a s u r e s  d e -  
p e n d s  o n  t h e i r  a p p l i e d  s p a t i a l  d i s t r i b u t i o n  t o  a v e r y  g r e a t  e x t e n t  
(see T a b l e  1 0 ) .  
( i v )  A c c o r d i n g  t o  t h e  s i m u l a t e d  s t r a t e g i e s ,  t h e  r e l a t i v e  e f f i -  
c i e n c y  o f  p r o t e c t i o n  m e a s u r e s  i n v o l v e d  i n  t h e  v a l u e s  o f  D* a n d  
t a k e n  o n  t h e  v a r i o u s  w a t e r s h e d s  c o n n e c t e d  t o  t h e  w a t e r b o d i e s  h a s  
t o  b e  d e t e r m i n e d .  The c a l c u l a t i o n  i s  p r e s e n t e d  i n  T a b l e  1 1 .  F o u r  
s t r a t e g i e s  w e r e  s e l e c t e d  f o r  t h i s  c a l c u l a t i o n .  A s  c a n  b e  s e e n  f r o m  
t h e  t a b l e ,  t h e  e f f i c i e n c y  o f  t h e  same volume o f  p r o t e c t i o n  m e a s u r e s  
t o  d e c r e a s e  e u t r o p h i c a t i o n  i s  6 . 2  t i m e s  g r e a t e r  i n  WSll t h a n  i n  
WS41-WS42. The  c o r r e s p o n d i n g  v a l u e s  are 1 . 7  a n d  1 . 1  f o r  WS21-WS22 
a n d  f o r  WS31-WS32, r e s p e c t i v e l y .  T h e s e  f i g u r e s  are  i n  good  harmo- 
n i z a t i o n  w i t h  t h e  r a t i o  m e n t i o n e d  i n  p o i n t  (ii) o f  t h i s  s e c t i o n .  
( v )  C o n s i d e r i n g  t h e  r e s u l t s  o f  t h e  s i m u l a t i o n  a n d  t h e  p r e s e n t  
a c t i v i t i e s  o n  l a k e  p r o t e c t i o n ,  s t r a t e g y  Mo.14 c a n  b e  c o n s i d e r e d  as  
a p o s s i b l e  v e r s i o n  o f  t h e  f o r e c a s t  o f  e u t r o p h i c a t i o n  i n  t h e  l a k e  
by 1985 .  I t  means t h a t  t h e  v a l u e s  o f  E* w i l l  b e  5 0 ,  3 3 ,  1 7 ,  7  mg/m 3  
f o r  t h e  w a t e r b o d i e s  s t a r t i n g  f r o m  WB1. I t  i n d i c a t e s  a  smaller 
g r o w t h  r a t e  o f  e u t r o p h i c a t i o n  t h a n  p r e v i o u s l y  n o t e d ,  a c c o r d i n g  t o  
t h e  e f f e c t s  o f  t h e  i n t e n s i f i c a t i o n  o f  l a k e  p r o t e c t i o n  m e a s u r e s .  
B u t  it s h o u l d  b e  m e n t i o n e d  t h a t  i f  t h e  m e a s u r e s  w i l l b e c o n c e n t r a t e d  
t o  a g r e a t e r  e x t e n t  o n  W S l l ,  t h e n  t h e  e f f i c i e n c y  o f  t h e  i n v e s t -  
m e n t s  c a n  b e  i n c r e a s e d  a n d  b e t t e r  c o n d i t i o n s  c a n  b e  a c h i e v e d .  
( v i )  W i t h  t h e  w a t e r s h e d  d e v e l o p m e n t  i n d e x ,  t h e  s p e c i f i e d  model  
c a n  b e  u s e d  t o  e v a l u a t e  t h e  e f f e c t i v e n e s s  o f  d i f f e r e n t  management 
a c t i o n s  a n d  l a k e  p r o t e c t i o n  p o l i c i e s .  A s  a n  i l l u s t r a t i o n  of t h i s ,  
a n  e v a l u a t i o n  h a s  b e e n  made o f  t h e  e f f e c t i v e n e s s  o f  t h e  K i s - B a l a t o n  
6  3  
r e s e r v o i r .  The c a p a c i t y  o f  t h e  p r o j e c t e d  r e s e r v o i r  w i l l  b e  1 0 0 . 1 0  m . 
I t  w i l l  b e  l o c a t e d  a t  t h e  e n d  o f  Zala r i v e r  i n  W S l l .  The e f f e c -  
t i v e n e s s  o f  t h e  r e s e r v o i r  c a n  b e  m e a s u r e d  b y  t h e  d e c r e a s e  i n  t h e  
watershed development index and according to this, by the de- 
crease of the eutrophication index in the waterbodies. Let us 
assume that with the 1980 watershed development index only one 
action will be taken, i-e., the construction of this reservoir, 
and that there will be no protection or pollution activity. In 
this case, the construction of the reservoir will influence the 
9 indicator indices listed in Table 12, while the other 16 will 
remain unchanged. Eight indices from the nine decrease, and only 
one increases. In case of 118 and 119 this change is large, at 
122 it is medium, while at the others it is small. The value of 
change expressed in per cent of the value for 1980 of I;, is cal- 
culated and estimated depending on the availability of the required 
data. For example, in case of I 19' it is calculated, but for I7 
it is estimated. The 9 indices involve the hydrological, environ- 
mental, social, regional economic and technical effects of this 
protection investment. According to the listed per cent values 
of I;, the AIL and the modified 1; values were calculated. Sim- 
ilarly the dimensionless Ik, the modified Ik and AIk values were 
determined. Then with the aid of wk values the AIkwk values were 
calculated and their sum, the net balance of the reservoir is 
AD = -2,0, which means that the reservoir will decrease the water- 
shed development index by 2.0 points (Table 12). According to 
this, D* is -1.03 and therefore the modified D* is 13.87 compared 
to the 1980s level. 
The estimation of effectiveness of the Kis-Balaton reservoir 
then can be calculated by Equation 24. The results of this cal- 
culation are presented for the four WB-s in Table 13. As can be 
seen in it, the Kis-Balaton reservoir can decrease the 1980s level 
of eutrophication expressed by E* by 45,4 40,O 26,4 and 39,2% for 
WB1 . . . . . . WB4, respectively. As an index to measure its re- 
liability, the average error of this calculation is - + 2 3 % .  Con- 
sidering that the reservoir with full capacity will start to 
operate 8-10 years later, and the watershed development will in- 
crease slightly, these relative effectiveness values might be 
smaller. Therefore, it is recommended that the Kis-Balaton re- 
servoir be completed as early as possible. 
The above methods can be used to evaluate the effectiveness 
of all other protection policies, measures, management strategies, 
individual investments, etc. By this approach the comprehensive 
effects of such activities, for example, the development of sewage 
treatment plants can be estimated in the watersheds as a unit, 
hierarchical system. 
5.2 Conclusions and Recommendations 
(1) The specified model is able to describe the relationship 
between the eutrophication and the nutrient oriented watershed de- 
velopment on a multi-annual and multiregional basis by the consider- 
ation of a multicriteria utility function of watershed development. 
The eutrophication process of shallow lakes, like Lake Balaton, 
can be eharacterizedby the model. Furthermore the model is able 
to simulate the various lake protection policies, strategies, in- 
vestments, projects, etc. and to measure and to compare their ef- 
fectiveness. It is proposed that the effects of the various pro- 
jects and other measures planned for the next five year period be 
estimated by the model, as a decision analysis aid. 
(2) According to the results of simulation and forecasting, 
it is proposed to concentrate all of our limited, available con- 
trol efforts and resources on the Zala watershed in the next five 
years. 
(3) It is proposed to utilize the calculated relative effi- 
ciency figures of the protection measures implemented in the various 
watersheds relating to the socio-economic, regional development and 
water management planning processes of the region. For example, if 
the location of a sewage treatment plant with a certain capacity 
has to be determined, locating it in the Zala watershed could be 
about 6 times more efficient than placing it in WS41 or WS42 from 
the viewpoint of the whole lake. 
(4) Considering that the results of this modeling work har- 
monize well with the physical considerations of experts and with 
the results of other research scientists [e.g., the nutrient load- 
ing values determined by Jolsnkai, Somly6dy (1981)], it is pro- 
posed that the results of this research work be integrated with 
that of other Lake Balaton modelers. 
(5) Considering the fifty years' long time series of Balaton 
basin development and eutrophication, it is proposed to study the 
development in the past and the delays between these processes in 
the various regions. It gives some information regarding the in- 
tensification of control works. 
(6) Based on the evaluation of the present results, further 
development of the model is proposed. In keeping with the results 
of the factor analysis conducted by the authors, it is possible to 
decrease the number of Ik indices. Using the nutrient loading 
estimate of JolAnkai, Somly6dy (1981), it is possible to determine 
Eq. (2) in a numerical form for the past couple of years. From 
this then an effort can be made to estimate the historical time- 
series of the nutrient loading. Furthermore, by the application 
of remote sensing to evaluate the spatial distribution of water 
quality in the lake, the characterization of the eutrophication 
index can be developed. 
(7) In light of the eutrophication problems in many other 
shallow reservoirs, it is proposed that this model and this meth- 
odology be used for the protection of those waterbodies as well. 
(8) Considering the interdisciplinary character of the model 
it is proposed to use it in other fields of activity, for example 
in the planning of regional development. 
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Tab le  1 .  Some n a t u r a l  c h a r a c t e r i s t i c s  o f  t h e  B a l a t o n  b a s i n  
i Y atu ra l  ground i 
s u r f a c e  a r e a  i 
p e r  u n i t  i 
water  volume 1 i 
1 
Volume of  
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Table 2 .  I n t e rva l  of ind ica to r  indices  
! Index  S c a l e  w i t h  limits 
code 
I1 
I 2  
I3 
I4 
I 5  
'6 
I 7  
'8 
I 9  






Un i t  
% x m  
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1 
m 3 / y r / b 2  
1 
o 1 4 












I 2 0  
0 
l o o  
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Table  2. I .contd.  
I n t e r v a l  o f  i n d i c a t o r  i n d i c e s  
Index  
code 
I 2 1  





S c a l e  w i t h  l i m i t s  





m/lo 6 m 3 
I 
1 lower ,  lo,k 
0 
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Table 3. Variability of indicator indices over time 
Type of variability 
over time 
constant 
Code of indicator indices 




' 6 ,  I7, I8, 5 3 ,  '15, I 16, 
I I 17, '10, '20, 21,'2,'24,'25 
1 
- 
'9, 'lo, '11, '12, '14, '13, '23 
-31-  




Table 5. Watershed development indices 
I 
V a l u e s  o f  D(1, j, i) 
Years 
lVsll wS21 'NSgl "32 Ws41 WS42 
1930 13 , 28 15,1'3 11 , 23 17,78 13 90 13,66 14,16 
1940 13,96 15,39 11,66 18,46 14,06 14,84 16,23 
1950 15,20 16,32 12,04 19924 14,44 15,34 19 , 70 
1955 20 , 40 17,48 12943 20,66 14,95 16,lo 22,80 
1960 21,90 19,16 18,49 23 , 14 15,55 20,62 26,32 
1965 23,46 22,30 ' 20,46 26,75 17,67 33,33 33,70 
1970 25,08 27,23 23939 30,43. 20 , 35 36,89 39,75 
1975 26,79 27,28 23,5G 33,98 24,44 41,96 43,02 
1978 28,10 29,90 23995 35,133 26,27 45,52 42,03 




















































































The integrated watershed development indices 
Table 8. 
The estimated eutrophication indices 
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Table 9 .  
The numerical data of simulation 
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Table 12. Estimation of watershed develo~rnent index in case of the Iiis-Balaton reservoir 
Influenced Change in V a l u e s  f o r  WSll 
No. indicator value of IiC 1; in 1980 AIL 
index Liodified Ik Modified AIk "k A Ikewk 
=i Ik 
I I7 decrease, 0,5% 0,78 -0,004 0,776 70 6893 -1,7 0,038 -0,065 
1 I10 decreasa, 3,0% 2,Gl -0,oU 2953 29 28,0 -l,o 0,014 -0,014 
1 I1 2 increase, 2,5% 0 , 07 +o ,002 0,072 11,7 12,o +0,3 0,028 +o,oo9 
I13 decrease, 2,5% 178 -590 173 22,5 21,6 -0,9 0,074 -0,067 
1 '18 decrease, 50% 0,2 -0, lo o ,lo 20 lo -10,o 0,051 -0,510 
- - 
I19 decrease, 34% 
I22 decrease, 12% 
1 '24 decrease, 5% 0,58 -0~03 0,55 lo 9,2 - 0,8 0,058 -0,046 
Total -2,009 
+0, 009 
AD = -2,000 
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The time series of the ratio of untreated sewage discharge 
Figure 5. 
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Appendix 1. 
Selected development f a c t o r s  f o r  indica t ing  watershed 
development and t h e i r  impacts on n u t r i e n t  loadin2 
I. Natural f a c t o r s  (considered t o  be constant  i n  time) 
Factor  Descript ion 
code 
l a k e  a r e a  ' connected 
F1 t o  ms 
F2 ground surface  a r e a  
of ms 
A 
t h e  d i s t a n c e  of t h e  
I 





'JSll IJS 21 lTIS22 ;VS31 ViS41 "S42 
40 136 188 231 
2700 970 660 3 20 2Go 115 200 
C o 35 160 40 110 40 l o o  
2 j  1% 1 2  7 5 3 4 
1 2  4 7 4 5 2 3 
745 680 70 S 650 680 600 610 
F3 average e l e v a t i o n  of 
mS and 'r7B above sea  
l e v e l  
d i s t ance  betmeen t h e  
'' s r e a l g r a v i t y c e n t e r k ,  
of t h e  YiS and t h e  
connected 'it73 
average s lope  of 
X5 a r a b l e  land of  US 
F6 average y e a r l y  
p r e c i p i t a t i o n  m 
maximum p r e c i p i t a -  
F7 t i o n  f o r  one day .m 130 l o 1  78 74 10 9 6 3 73 
232 271 277 272 277 274 279 
1230 680 150 137 7 5 35 5 o 
40 o o o o 5 o 
average number of 
d r y d a y s  in a 
year  
t o t a l  l eng th  of 
'9 water  courses 
%o l eng th  of r i v e r s  
km 
k m  
p o t e n t i a l  water  
F1l resources  (mult i -  
annual average 
runoff  
average volume of 
F12 water  i n  t h e  l a k e r s  
VJB connected wi th  
t h e  watersheds 
6 3 l o  m 300 80 70 25 30 l o  15  
year  
lo6m3 90 480 540 815 
I 
Appendix 1. (contd . ) 
11. Regional (socio-economic) development factors 
(data for 1930 and 1978) 
Fac to r  D e s c r i p t i o n  
code 
number of  
F13 c o n s t a n t  
popu la t i on  
number of 
'14 popu la t i on  
i n  
i n d u s t r y  
number of  
'15 popu la t i on  
working in 
a g r i c u l t u r e  
v i s i t o r  s 
E?L6 day 









Uni t  
l o  3  
head 
l o  
head 
l o 3  
head 
l o 3  
head 
x day  
Values of  f a c t o r s  
';isll V S i l  \isp2 1Y/S32 
20 2  55 36 21 1 5  1 3  1 6  
209 55 39 25 11 27 38  
8 2  2 ,8  1 , o  0 ,9  1,l 1 ,I 
37 8 2 ,8  3 ,0  0 , 3  2,0 9 , 2  
110 19 ,o  1 2 , 4  7 ,o  4 , s  3 ,6  4 , 4  
45 ~ O , O  4 , 2  4 ,0  0,s 5 ,5  5 , 1  
50 1 5  5  6  9  16  30 25 
1700 655 1 5 1  1593 420 1695 1750 
195 4  8 3  1 22 2  9  7  1 4  
177  4  8 27 2  2  9 4  8 
50 2  2  o  2  3  3  3  
130 1 4  57 l o  1 9  75 40 
o  o  2  o o  o 1 
16  1 5  8 2  3  1 3  
1908 722 359 213 165 72 10 9  
1800 625 282 192  144 60 8 7  
150 21 32 l o  28 4  20 
125 23 3 2  16  28 11 25 
610 128  194 3  8 57 11 40 
690 189 206 57 72 1 6  4  4 
160 7  5 15  36 1 2  1 2  28 
75 22 36 1 6 , 5  26,5 37,5 
nwrber of  
'17 s e t t l e m e n t s  
F nun-ber o f  
i n d u s t r i a l  
p l a n t s  
number of 
'19 l a r g e  animal  
farms 
'20 e r a b l e  l a n d  
1 
F21 v ineya rds  and 
I 








o rcha rds  h2 
F22 f o r e s t  l a n d  lm 
urban ized  














F number of standard 
24 ( full-grown) lo3 
I Values of factors 






p total amount of 
25 fertilizers used 
in equivalents 
'2'5 
94 32 12,2 9,o 6,l 3,9 6 , 6  
75 23 12,9 7,o 7,o 4,6 8,o 
1 o o o o o o 

























ength of notorlng 
'26 tpaved) roads km 
I 
lo 130 20 7 o 30 30 3 0 
1150 226 216 110 140 235 228 
6,3 10,8 0,4 a,5 0,2 0,5 0,5 
31,3 1190 1692 4,0 18,0 2290 
4,4 10,3 0,33 8,1 0,15 0,33 0,33 
32,4 26,l 7,o 11,1 1,8 10,3 17,8 
3,l o,E o,l 0,4 o,l 0,2 0,2 
12,2 4,o 3,C 2,2 1,o 6,l 4,5 
0,2 o,l o,ol o,l o,ol o,ol o,ol 
2,8 0,5 0,5 0,4 0,2 0,9 9,5 
o,j g ,o o,l 7,4 o 0,l 0 
9,3 20,5 1,52 8,o 0,26 2,78 3,35 
0,6 0,4 0,1 0;2 0,o 0,o 0,l 
2,1 191 099 0,5 0,3 0,3 0,2 
3,7 1,3 0,2 0,7 o,l 0,2 0,3 
5,G 5,o 3,1 1,4 6,6 5,l 
4,1 2,9 0,3 2,o o,l 0,2 0,2 
1894 1394 495 394 195 591 594 
o o o o 0 o o 
273 o o o o 0 5,0 
P .total official 
27 fresh water 
demand 
total actual 
F28 water use 
F29 water use 






,? 30 water use 
p actual water use 
31 for irrigation 
and fish ponds 
actual water use 
F32 for animal 
farming 
water use with 
F33 drinking water 
quality 
amount of 
F34 consumed water 
amount of 
F35 reused water 
















Appendix 1. (contd.  
Bactor Description 
code 
mount of water 
F36 import from 
Outside the 
watershed 
3' amount of water 
37 export to outsideyear 
the basin 
underground 
F3s water resources 
taken out 
peak actual water 
. Values of factors 
JSll US 21 iiS '‘IS J S  'fi .& liS 22 32 
0 o o o o o o 
4,2 1,6 o 1 ,0 o o o 
o o o o o o 
o 0,6 87,6 o o o 7,4 
4,0 1,3 O , O ~  0,7 0,05 0,06 0,07 
15,2 4,o 157,7 1,6 0,6 3,6 3,6 








1,21 2,o 0,65 0,8 0,4 2.3 2.8 
0 o o o o o o 
0,5 1,0 0,35 0 ,l 0 ,l 0,8 0,7 
o,l o o 0 ,l o o,l o,l 
6,5 1,o 1,6 1,3 0 ,l 4,l 4,8 
0 ,I. o o 0 ,l o o,l o,l 
5,2 0,8 0,7 1,2 0 ,l 2,5 2,9 
o o 0,4 o o 0,2 o 
2,o 1,o 2,5 0 93 0 ,l 0,8 o 
0/l5/ 0/61/ 0/4/ 0/13/ o/o/ 0/5/ O/O/ 
8/9/ 11/88/ 2/37 3/16/ l/o/ 3/8/ O/O/ 
7 1 o 1 o o o 





















F39 use in August 
irrigation water 
F40 use in .dugus t 
total effluent 
241 discharge collec 
ted by selvage 
works 
'4 2 treated effluent discharge 
from r' 41 
P43 existing storage capacity 
number of reser- 
'4 voirs (and fish 
ponds) 
number of constar,,t 
F46 population supplied o o 1 o 0,5 0,5 






6 3 lo n 
eser Toir - 
(fish 
gonds) 
F4 7 irrigated area 
F45 number of constant population supplied3 
with waterworks lo head 
km2 1930 o o o o o o o 
1978 36 1,9 10,l 0,2 1,7 18,6 22,3 
Apgendix 1. (contd .  1 
F a c t o r  D e s c r i p t i o n  
F48 d r a i n a g e  a r e a  
l e n g t h  o f  
F49 beaches  used  
- f o r r e c r e a t i o n  
F50 number o f  
e x i s t i n g  
w a t e r  r i g h t  
l i c e n s e s  f o r  
w a t e r  u s e  and 
w a t  erwo r k  s 
. . 
Values o f  f a c t o r s  
ws WS WS WS WS WS WS 
11 2  1 22 31  32 41  42 
67 109  o  24 ,7  o  o  o 
179 109  o  24 ,7  o  o  o  
0 , 5  l , 0  0 , l  1 9 0  0 , 3  093 0 , 6  
6 ,o  20,o 2 ,2  29,o 1 1 , o  1 8 , o  1 8 , 4  
425 70 32 23 2  8 7  20 
1556 277 260 1 0 5  380 455 475 
U n i t  
km2 
km 
l i c e n -  
s e  s 





1 9  30 
1978 
Appendix 2. 
L i s t  and d e s c r i ~ t i o n  of  i n d i c a t o r  i n d i c e s  
Note: I d e n o t e s  t h e  n o r m a l i z e d ,  d i m e n s i o n l e s s ,  w h i l e  I t k  d e n o t e s  t h e  o r i g i n a l  k  
( p h y s i c a l )  form of t h e  k-th i n d i c a t o r  index .  
- 









Name of  
t h e  index  
( c r i t e r i a )  
e ros ion  : 
poten- 
t i a l  
q u a n t i t y  
d i s t r i b u -  
t i o n  o f  
p r e c i p -  
i t a t i o n  
t ime 
d i s  t r i -  
b u t i o n  
o f  p r e -  
c i p i  t a -  
t i o n  
dens  i t y  
o  f  
n a t u r a l  
w a t e r  
c o u r s e s  
n a t u r a l  
ene rgy  
po t e n -  
t i a l  o f  
\J S 
Composi t ion 
and d e s c r i p t i o n  
of 1' k 
I f 1  = P5 . F7 
s l o p e  o f  a r a b l e  l a n d  x  max. 
one day p r e c i p i t a t i o n  
I; = F7/F6 
max. one day p r e c ~ p i t a t i o n  
a v e r a g e  y e a r l y  p r e c i p i t a t i o n  
I; = 1- 365 - F,q 
8 
number o f  wet  days  1 - 
number o f  d r y  days  
I ' = F9 IF2 4 
l e n g t h  o f  w a t e r  c o u r s e s  
a r e a  o f  WS 
1; = F  /F  3 4 
a v e r a g e  s l o p e  o f  t h e  s u r f a c e  
of  WS 
U n i t  










o /oo  
D e s c r i p t i o n  of e f f e c t s  
of I r k  on n u t r i e n t  
l o a d i n g  
h i g h e r  v a l u e  i n d i c a t e s  
more e r o s i o n ,  more 
wash o u t  from a r a b l e  
l a n d ,  t h u s  more NL 
t 
h i g h e r  v a l u e  i n d i c a t e s  
more wash o u t  f rom 
t h e  s o i l ,  more e r o s i o n  
h i g h e r  v a l u e  i n d i c a t e s  
l e s s  un i fo rm d i s  t r i b u -  
t i o n  of  r a i n f a l l  which 
i s  worse  f o r  wash o u t ,  
w a t e r  demand, w a t e r  
management c o n t r o l ,  
c a u s e s  more e r o s i o n ,  
e  t c  . 
h i g h e r  v a l u e  i n d i c a t e s  
more e r o s i o n ,  more 
p o s s i b i l i t i e s  t o  c o l -  
l e c t  and t r a n s f e r  b o t h  
p o i n t  and non-point  
s o u r c e s  
h i g h e r  v a l u e  i n d i c a t e s  
more e r o s i o n ,  more run- 
o f f ,  s h o r t e r  c o l l e c t i o n  
t i m e ,  e t c .  
Appendix 2.  ( con td .  ) 
. 






v i s i -  




and d e s c r i p t i o n  
of I ' ~  
1 = F14/F13 
p o p u l a t i o n  i n  i n d u s t r y  
cons  t a n t  p o p u l a t i o n  
5 = - 1s / Fl 3 
I 
p o p u l a t i o n  i n a g r i c u l t u r e  
1 - 
c o n s t a n t  p o p u l a t i o n  
1.i = F  /F 16 1 3  
v i s i t o r ' s  day 





' 6  
I 7  
.. 
I8 
t r  
D e s c r i p t i o n  of e f f e c t s  
of I ' ~  on n u t r i e n t  
l o a d i n g  
h i g h e r  v a l u e  i n d i c a t e s  
g r e a t e r  impor tance  of 
i n d u s t r y ,  t h e r e f o r e  
more e c o l o g i c a l  prob- 
lems,  more w a t e r  de- 
mand, more sewage 
w a t e r ,  more demand f o r  
r e c r e a t i o n ,  e t c .  
h i g h e r  v a l u e  i n d i c a t e s  
a n  i n c r e a s e  o f  e f f i -  
c i e n c y  i n  a g r i c u l t u r a l  
p r o d u c t i o n ,  more non- 
p o i n t  s o u r c e s ,  f e r t i ~ i l -  
i z e r a n d  c h e m i c a l : u s e , e t c .  
h i g h e r  v a l u e  i n d i c a t e s  
more NL t o  t h e  WS and 
t h e  WB, more need f o r  
i n f r a s t r u c t u r e ,  more 
non-cons t a n  t popula-  
t i o n ,  e t c .  
Name of 
t h e  
index 
( c r i t e r i a  ) 
p o p u l a t i o n  
r a t i o  in -  
volved i n  
i n d u s t r y  
p o p u l a t i o n  
r a t i o  i n -  
vo lved  i n  
a g r i c u l -  
t u r e  
v i s i t o r  
( t o u r i s t )  
l o a d i n g  
h i g h e r  v a l u e  i n d i c a t e s  
more p o i n t  s o u r c e s ,  more 
NL, more need f o r  t r e a t -  
'ment f a c i l i t i e s ,  e t c .  
h i g h e r  v a l u e  i n d i c a t e s  
more non-point  n u t r i e n t  
l o a d i n g s  more e r o s i o n ,  
more r u n o f f ,  e t c .  
h i g h e r  v a l v e  i n d i c a t e s  
more sewage w a t e r ,  more 
i n f i l t r a t i o n  t o  the  
. s o i l ,  more u rban  r u n o f f ,  
s h o r t e r  c o l l e c t i o n  t ime,  





d e n s i t y  
o f  pos- 
s i b l e  
p o i n t  
s o u r c e s  
r a t i o  of 
a r a b l e  
and 




i z e d  
p a r t  
o f  t h e  
WS 
d ,  .. 
1' = (F + FI8 + F19) IF2 9 1 7  
( s e t t l e m e n t s ,  i n d u s t r i a l  
p l a n t s ,  animal  farms)  
o v e r  a r e a  of WS 
I i 0  = F201F22 
a r a b l e l f o r e s t  l a n d  
Ii l  = F23/F2 
u r b a n i z e d  a r e a  
a r e a  or' WS 
sour -  








D e s c r i p t i o n  of e f f e c t s  
of  I f k  on n u t r i e n t  
l oad ing  
v i n e y a r d s  and o r c h a r d s  
i n d i c a t e  t h e  most dan- 
gerous  t ype  o f  a g r i c u l -  
t u r a l  l a n d  use  from t h e  
p o i n t  of  view of e ro-  
s i o n  because  of  t he  
h i g h e r  f e r t i l i z e r  use  
and h i g h e r  s l o p e s ;  
h i g h e r  v a l u e  i n d i c a t e s  
more e r o s i o n .  
h i g h e r  v a l u e  i n d i c a t e s  







and d e s c r i p t i o n  
of I f k  
1'i2 = F21/F20 
a r e a  of  v ineya rds  a n d o r c h .  
I 
Name of 
t h e  index 
( c r i t e r i a )  
r a t i o  o f  
v i neya rds  
and o r -  
chards  
f e r t i l i z e r  
use  
Un i t  
I 
- km2 
b 2  
* 
a r a b l e  l a n d  
I '  = F  I F  1 3  25 20 I kg/  y e a r /  
t o t a l  amount of  used h a  
f e r t i l i z e r  
a r a b l e  l a n d  
- 
1 i 4  - F24/F2 head h i g h e r  v a l u e  i n d i c a t e s  
more NL (more sewage 
number of  s t a n d a r d  an imals  w a t e r ,  more p a s t u r e  
I 14 
a r e a  o f  WS 
1i5 = F26/F2 
l e n g t h  of  motor ing roads  
a r e a  of  WS 
F28 
"16 Fll+F38+F36-F37 
t o t a l  a c t u a l  wa te r  use 
a v a i l a b l e  wate r  r e sou rce s  







popula t io r ,  
l a n d  u s e ,  more wat'er 
demand, e t c . )  
h ighe r  va lue  i n d i c a t e s  
more r e g i o n a l  develop- 
ment, more t r a f f i c ,  more 
t o u r i s t s ,  more p o i n t  and 
non-point p o l l u t i o n  
sou rce s  
h i g h e r  v a l u e  i n d i c a t e s  
more u se  of  n a t u r a l  
r e s o u r c e s ,  more r e g i o n a l  
development,  more wa t e r  
management a c t i v i t i e s  
'15 
I 1 5  
d e n s i t y  of 
motor ing 
roads  
u e  o f  
available 
w ate r  
r e sou r -  
c e s  
Appendix 2 .  ( c o n t d . )  
Z n i t  
o  f  
m3/ 















Composi t ion 
and d e s c r i p t i o n  
of I f k  
If1 ,,= [F28-(F34+F3s+F41)]/FZ 
t o t a l  a c t u a l  w a t e r  u s e  minus 
t h e  sum o f  consumed, r e u s e d ,  
and c o l l e c t e d  sewage w a t e r  
o v e r  a r e a  o f  WS 
I ' l8= 1 - F42/F41 
t r e a t e d  e f f l u e n t  d i s c h a r g e  1 - t o t a l  e f f l u e n t  d i s c h a r g e  
I 1 - F  I F  4 3  11 
e x i s t i n g  s t o r a g e  c a p a c i t y  1 - p o t e n t i a l  w a t e r  r e s o u r c e s  
' 0  = F 4 ~ 1 F 1 3  
c o n s t a n t  p o p u l a t i o n  s u p p l i e d  
w i t h  d.w.w. 
number of c o n s t a n t  p o p u l a t i o n  
' F&b1F13 
c o n s t a n t p o p u l s t i o n  s u p p l i e d  
w i t h  d.w.w. 









D e s c r i p t i o n  of  e f f e c t s  
of  I f k  on n u t r i e n t  
l o a d i n g  
h i g h e r  v a l u e  i n d i c a t e s  
more sewage w a t e r  i n -  
f i l t r a t i o n  t o  t h e  s o i l ,  
which h a s  a long-range 
NL e f f e c t ,  d e t e r i o r a -  
t i o n  o f  s o i l  and ground- 
w a t e r ,  e t c .  
h i g h e r  v a l u e  i n d i c a t e s  
more NL. 
h i g h e r  v a l u e  i n d i c a t e s  
more n u t r i e n t  l o a d i n g ,  
b e c a u s e  l e s s  w a t e r  c a n  
be  s t o r e d  b e f o r e  g e t t i n g  
t o  B a l a t o n  
h i g h e r  v a l u e  i n d i c a t e s  
g r e a t e r  development ,  
more w a t e r  demand, more 
sewage e f f l u e n t s ,  e t c .  
h i g h e r  v a l u e  i n d i c a t e s  
more sewage w a t e r  f a c i l -  
i t i e s ,  t h a n  more n u t r i e n t  
l o a d i n g .  
Name of  
t h e  i n d e x  
( c r i t e r i a )  
u s e d  w a t e r  
i n f i l t r a t e d  
i n t o  t h e  
s o  i 1 
- 
r a t i o  o f  
u n t r e a t e d  
sewage 
d i s c h a r g e  
r a t i o  o f  
unregu- 
l a t e d  
run0 f  f  
r a t i o  o f  
popula- 
t i o n  sup- 
p l i e d  
w i t h  
d r i n k i n g  
w a t e r  
works 
r a t i o  o f  
p0pula- 
t i o n  sup- 
p l i e d  
w i t h  
sewage 
works 
Appendix 2 .  (con td .  ) 
U n i t  












D e s c r i p t i o n  of e f f e c t s  
of I f k  OD n u t r i e n t  
l o a d i n g  
h i g h e r  v a l u e  i n d i c a t e s  
h i g h e r  c u l  t i v a t i o n ,  
more wash o u t  p o s s i b i l -  
i t i e s ,  e t c .  
h i g h e r  v a l u e  i n d i c a t e s  
h i g h e r  e f f e c t s  (more 
w a t e r  demand, more 
sewage wate r  and re -  
g i o n a l  development,  e t c  .) 
h i g h e r  v a l u e  i n d i c a t e s  
more r e g i o n a l  develop-  
ment,  more p o s s i b l e  
s o u r c e s  of n u t r i e n t  
l o a d i n g  
h i g h e r  v a l u e  i n d i c a t e s  
more n u t r i e n t  l o a d i n g  
(more v i s i t o r s ,  more 
r e c r e a t i o n  l o a d i n g  of 
w a t e r )  
Name of 
t h e  index 
( c r i t e r i a )  
r a t i o  o f  
i r r i g a -  
t i o n  and 
d r a i n a g e  
Popula t ion  
d e n s i t y  
d e n s i t y  
o f  a l l  
w a t e r  
works i n  
t h e  WS 
beach 
l e n g t h  
i n d i c a -  
:or f o r  
d i r e c t  
r e c r e a -  
t i o n  









Composi t ion 
and d e s c r i p t i o n  
of I f k  
11 - 
2 2 - (F47+F48)  /F20 
a r e a  o f  i r r i g a t i o n  and d r a i n a g e  
a r a b l e  l a n d  
I '23 = F I 3 / F 2  
number of c o n s t a n t  p o p u l a t i o n  
a r e a s  of WS 
= F50/F2 2 4 
number o f  w a t e r  r i g h t s  
a r e a  o f  WS 
3' 4 9 
I$5 - j. 
12 
Appendix 3.  
Phys i ca l  v a l u e s  of  i n d i c a t o r  i n d i c e s  f o r  1930 and 1978 
Ir-d e:i Unit Physical values 02 I,,- 
code 
- head 1930 0,04 0,04 0,08 0,05 0,06 0,08 0,07 
head 
I7 head 1930 - 0,46 0,65 o,6G 0,67 0,70 0,72 0,73 head 1978 
o L 7 , 3 , 3 ~ ~ 2 ~ L - ~ ~ 2 .  L -~.80c\B7_ 
- - 
I8 visitor 1930 0,25 0,27 0 , 14 3923 1,07 2,31 1,56 day/head 
6273 3-&13 62,78 45. - 2 Z , 3 l 3 , 7  03- 
Appendix 3 .  (contd . )  
'3 
1,rldex U n i t  k, Phjrs ical  v a l u e s  o f  I tk  
code 
WSll WS21 WS22 F?S3 "32 WS41 . "42 
head 1930 0,03 0 , 0 2  o ,oo  0 ,05  
12' 1978 0 ,60  0 , 8 4  0 , 6 2  0 ,76  
head 1930 o ,oo  O , O O  O , O O  0,05  
lizx 1978 0 , 3 2  0 ,16  0 ,24  o,oZ 
Appendix 3. (contd . ) 
L ~ d e x  Unit 2 Physiczl values o f  Iylz 
code a 
0 
h WSll WS2 1 WS22 "3 1 "32 WS4 1 "42 
Appendix 4 .  
L i s t  and s c a l e s  of e v a l u a t i o n  c r i t e r i a  f o r  we igh t ing  
C r i t e r i a  
Code Bomination 
A In t e rva l  of 
changing 
B Type of 
changing 




E Zffec t  on eutrophicat  ion 
P Elanageability 
S c a 1 e s ( p o i n t s )  
1 2 3 
constant small l a rge  
unif  o m  slight s t rong breaking breaking 
decreasing unif o m  increasing 
uniform nedium strong 
small nediun s t rong 
no slowly quickly 
I 
Appendix 5 .  

















A B C D E F 
p o i n t s  
1 1 2 3 3 2 
1 1 2 3 2 1 
1 1 2 2 2 1 
1 1 2 3 1 1 
1 1 2 3 2 1 

















3 2 3 1 2 2 
3 3 3 3 3 3 
2 2 3 3 3 2 
2 1 1 1 1 2 
2 1 3 1 2 2 
2 1 2 2 2 2 

















196 4,5 0,045 
225 5,l 0,051 
169 398 0,038 
144 393 0,033 
256 5,8 0,058 

























Total 4395 100,o ,l,ooo 
. 
2 1 2 2 1 3 
3 2 3 3 2 2 
3 2 3 3 2 3 
3 2 2 3 2 3 
3 2 2 2 3 3 
2 2 1 1 2 3 
3 3 3 2 1 2 
3 3 3 2 2 2 
3 I. 3 3 1 2 
2 1 3 2 2 2 
3 3 3 3 2 2 
3 3 3 2 3 2 
1,8 
1,8 
0,018 
0,018 
2,3 
2,8 
0,023 
0,028 
